Abstract Recirculation of plant nutrients from waste materials back to agriculture is necessary in a sustainable food production system. In this study we investigated the long-term effect of direct land application of sewage sludge (SS) on soil fertility on two Swedish farms, where field experiments were set up in 1981 with three rates of SS (0, 4 and 12 Mg dry matter ha -1 every 4 years) and three rates of mineral fertilisation, in a factorial design with four replicates. At one site, SS application tended to increase crop yield over time but, when plant nutrients were not limiting, the effect was only significant for spring barley. We deduced that improved soil structure was the main driver for this fertility enhancement after SS application, as indicated by lower soil bulk density and higher soil carbon concentration. After 30 years, soil organic carbon stocks to 0.40 m depth differed by up to 17 Mg ha -1 between treatments. According to carbon balance calculations, retention of carbon derived from SS ranged between 18 and 20% for the soil layers analysed at the two sites. Soluble phosphorus (P) increased with sludge application rate, but represented only around 2% of the expected residual P according to P-balance calculations. The fertiliser value of nitrogen was also low, with only 3-8% nitrogen use efficiency. Heavy metals such as copper, zinc and mercury showed moderate accumulation in the soil, but elevated levels of metals were not detected in crops, even at the highest dose of SS. These results show that SS represents a valuable resource for improving soil fertility in terms of soil organic matter and soil structure, but its efficiency for nutrient cycling is very low within the time frame considered in the study.
Introduction
Recycling the nutrients contained in food back to agriculture is essential for sustainability. Steadily increasing nutrient fluxes between urban and rural landscapes, driven by a growing human population, urbanisation and shifts in dietary preferences, are demanding sustainable recycling technologies, especially for sewage sludge (SS) from wastewater treatment plants, the major recycling pathway. In most countries, this involves use of SS as a fertiliser in agriculture (Eurostat 2015) . In 2015, a total of 51,000 ton SS dry matter (DM) was used as fertiliser in Swedish agriculture (SWWA 2016) , corresponding to 28% of all SS produced in Swedish wastewater plants in that year (STEM 2016) .
Sewage sludge has several potential positive values, such as sequestration of carbon (Smith et al. 1997) , addition of phosphorus (e.g. Andriamananjara et al. 2016 ) and improvement of soil structure (Kirchmann et al. 2017 ). However, the potential positive effects on soil fertility after direct land application of SS have to be weighed against the risk of soil contamination and against extraction technologies which aim at recycling nutrients in inorganic forms. Among potential negative effects of SS, heavy metal concentrations are still the greatest concern, although concentrations in SS have decreased, at least in Europe, due to source separation (López-Rayo et al. 2016 ) and lower airborne emissions from industries, and thus lower amounts in precipitation (Pacyna et al. 2009 ). Besides accumulation of heavy metals, different organic contaminants including microplastics are a concern and hinder direct land application of SS in many countries (e.g. Smith 2009a, b; Nizzetto et al. 2016) .
European Union (EU) Directive 86/278/EEC, which sets limits for seven heavy metals, is currently being considered for revision (European Commission 2017) . This is because many national authorities set lower limits for heavy metals than the EU directive, and also include organic contaminants (Inglezakis et al. 2014; Mininni et al. 2015; Mattsson et al. 2017) . Swedish regulations also limit phosphorus (P) and nitrogen (N) application rates with SS (Suppl. Appendix 1; SNFS 1994). In addition, they provide recommendations on optimal application rates for N, P and potassium (K) depending on crop, location and time of application (Swedish Board of Agriculture 2016). A new fertiliser regulation is also proposed for the EU, which aims at creating common rules in Europe for all types of fertilisers, including organic fertilisers (European Commission 2016) .
Field trials provide decision support for supervisory policies and regulations regarding the use of SS in agriculture. In order to provide robust information about impacts on soil fertility and food safety, field trials should be run for many years. Therefore two long-term field experiments with SS applied at normal and high rates were started in 1981 in southern Sweden. Reports in Swedish have been published continuously (e.g. Andersson 2015) . Peer-reviewed articles based on data from these experiments describe the effects on microbial communities and heavy metals in crops , trace elements in cereal grain (Hamnér and Kirchmann 2015) , metals in SS from wastewater treatment plants (Kirchmann et al. 2017 ) and the results of life cycle analysis (Heimersson et al. 2017) . Investigations on organic contaminants have also been reported recently (Ö sterås et al. 2015; Magnér et al. 2016) .
The aim of the present study was to provide a broader picture of the trials, based on results obtained from regular analyses of crop yield and a more intensive soil sampling campaign conducted in 2011. The specific objective of the work was to test the following hypotheses:
1. Crop yield increases over time after repeated additions of sewage sludge. 2. Carbon sequestration is positively correlated with the amount of sewage sludge applied. 3. Sewage sludge supplies nutrients, especially N and P, to crops. 4. If the recommended dose of sewage sludge is not exceeded, the plant availability of heavy metals in soil and their concentrations in harvested products will not increase significantly over time.
Materials and methods

Site descriptions
The trials with SS application on agricultural soils were laid down in 1981 at two sites in southern Sweden: Igelösa (55°45 0 N, 13°18 0 E), on a loam (26% clay, 44% sand 0.06-2 mm), and Petersborg (55°32 0 N, 13°00 0 E), on a sandy loam (14% clay, 56% sand), both located on private farms. The trials have been managed by the Rural Economy and Agricultural Societies (Hushållningssällskapet) in Borgeby, Skåne, from the start. In the first year of the trials, soil carbon (C) concentration was 1.9% at Igelösa and 1.0% at Petersborg. The higher C levels at Igelösa are explained by a long time use as pasture before the experiment started.
Experimental design and management practices
The trials are laid out in a block design with four blocks, with all treatments included in each block (Table 1) , but for practical reasons the treatments are made in columns and rows (Suppl. Fig. S1 ). The treatments include completely untreated control plots where no SS or mineral fertiliser has been added since 1981. Sewage sludge is applied every 4 years, after harvest, with 0, 4 or 12 Mg DM ha -1 per occasion (A, B, C treatments, respectively). Plots with and without SS addition are combined with three different amounts of mineral fertiliser, no, half or full dose of N (0, 1, 2 treatments, respectively) based on crop-specific fertilisation recommendations in the region (Table 1) . The full dose is 140 kg N for wheat, 120 kg N for sugar beet and 110 kg N ha -1 for barley and oats. The recommended amounts of P and K are added at both half and full N input, with 17.5 kg P ha -1 for cereals and 42 kg P ha -1 for sugar beet. All treatments have four replicates, which means that there are three levels of N 9 three levels of SS 9 four replicates = 36 plots per site. Each plot measures 6 m 9 20 m and an area of around 20 m 2 in the middle of each plot is normally used for yield measurements.
Anaerobically digested and dewatered SS from Sjölunda wastewater treatment plant in Malmö is applied to the experimental plots at Petersborg and SS from Källby treatment plant in Lund is applied at Igelösa, which is just north of Lund. Phosphorus in the wastewater is removed through precipitation with FeCl 3 . The quality of the SS is monitored according to Swedish legislation and REVAQ, a Swedish certification system for wastewater treatment plants (Persson et al. 2015) . Plant nutrient concentrations were slightly higher for SS from Källby, e.g. 4.2% P on average in dry matter sludge compared to 3.3% P in Sjölunda.
During the 30-year period considered here , a total of 32 and 96 Mg SS ha -1 was applied in treatments B and C, respectively. Thus mean annual SS addition rate in the period was 32/30 = 1.07 and 96/30 = 3.2 Mg ha -1 . Assuming a C concentration of 31%, as measured in SS applied in a similar experiment (Kätterer et al. 2011) , this corresponds to 0.33 and 0.99 Mg C ha -1 yr -1 in treatments B and C, respectively.
The choice of crops follows the rotation applied on each farm, which is usually a 4-year rotation (Suppl .  Table S1 ). Normal soil management practices for the area are performed, including mouldboard ploughing to 0.22-0.24 m depth. Crop spraying follows regional conventional standards. Straw and other non-crop materials are left on the soil surface. Due to low pH, liming was carried out in 1998, with 6 Mg limestone ha -1 at Igelösa and 4 Mg ha -1 at Petersborg, which caused the pH to increase from 6.6 in 1997 to 7.0-7.3 in 2001 at Igelösa, and from 6.5-6.8 in 1997 to 7.2-7.4 in 2001 at Petersborg.
Chemical analyses
All chemical analyses, except when otherwise stated, are carried out by Eurofins, a commercial laboratory in Kristianstad, Sweden. Analyses of elements are performed regularly on samples of SS, soil and crops, and pH aq and concentration of ammonium-nitrogen (NH 4 -N) and organic substances are determined (Andersson 2015) . Soluble P is measured with the P-AL method, after extraction with 0.1 M ammonium lactate and 0.4 M acetic acid (Egnér et al. 1960) . This is the method commonly used in Sweden as a proxy for plant-available P in soil.
Soil sampling in 2011
Soil samples for bulk density (BD) determination were taken in the plough layer at Petersborg on 26 May At the same time, soil cores were taken in the same four treatments. These soil cores were sliced into eight consecutive depth layers, to 0.225, 0.25, 0.275, 0.30, 0.35, 0.40, 0 .50 and 0.70 m depth. Five soil cores were taken in each plot and were then pooled to one composite sample per layer. Concentrations of total soil C and total N were determined by dry combustion (LECO CNS Analyzer; LECO Corporation, St Joseph MI 49085, USA).
Soil carbon storage
Soil organic carbon (SOC) stocks were estimated from BD and from SOC concentrations measured in all plots at both sites in autumn 2010 and 2011. For calculating SOC stocks to 0.20 m depth at Igelösa, the average SOC concentration per treatment from these two sampling occasions was used. For estimating topsoil (0-0.20 m) SOC stocks at Petersborg, the sampling from spring 2011 was also used for calculating average SOC concentration per treatment. For the four treatments at Petersborg, which were sampled to greater depth in spring 2011, SOC stocks were also calculated to 0.40 m equivalent depth (as described below).
A fixed depth was used for calculating SOC stocks in the topsoil, but we followed the equivalent mass concept which considers differences in BD between treatments (Ellert and Bettany 1995) . The treatment with the lowest soil mass (C2) was taken as reference mass, in order to calculate the soil depth to which the same soil mass was distributed in the heavier soils. Thus, SOC stocks were calculated to 0.385 m depth in A0, 0.397 m in A2, 0.394 m in C0 and 0.400 m in C2. Otherwise, calculations corresponded to those described above for the topsoil.
At Petersborg, BD was measured in the four most extreme SS and N treatments (A0, A2, C0 and C2) to cover the full range of SOC and BD. Since BD was highly correlated with SOC, we used this relationship (BD = 1.95-0.313 9 SOC; R 2 = 0.904) for estimating BD of all treatments. For Igelösa, measured BD data were not available, so the value was estimated from a pedo-transfer function (BD = 1.66-0.0767 9 SOC) derived from a Swedish database (Kätterer et al. 2006) .
Gravel and stones were not measured. To avoid overestimation of SOC stocks (Poeplau et al. 2017) , we assumed the fraction of coarse particles ([ 2 mm) to be 5% per volume according to our judgement and measurements for a nearby site (Wiklert et al. 1983 ). The carbon stocks at 0-0.20 m depth were then calculated as:
where f gravel is the volume fraction of gravel and stones, which was calculated from the mass of gravel and stones in the sample divided by an assumed rock density of 2.6 Mg m -3 . The bulk density of the fine soil fraction (BD fine soil ) was derived from the mass/ volume relationship in the bulk sample, corrected for the mass and volume of gravel and stones:
Assuming that changes in SOC stocks over time (DSOC) in the different treatments at each site solely were driven by carbon inputs, DSOC should be proportional to C input. However, due to differences in substrate quality, retention of C was assumed to differ between input sources. Since the pioneering work by Hénin and Dupuis (1945) , the fraction of C input converted into soil organic material (h) is referred to as 'humification coefficient' in many SOC models. It has been shown that C retention from root-derived C is higher than that from above-ground residues and that also SS has a different C retention coefficient (Kätterer et al. 2011 . We considered this in a simple carbon mass balance approach by assigning different retention coefficients (h j ) to the three categories of C input (i j ): above-ground residues, below-ground residues and SS:
where DSOC 0 corresponds to DSOC at zero input and P h j i j is the sum of all fractions h j of mean annual C input i j of corresponding category in each treatment. Since above-and below-ground C inputs were highly correlated in this study, we could not independently estimate their corresponding h-values. Instead, we used results from Kätterer et al. (2011) according to which h-values for below-ground inputs are 2.3 times higher than those for above-ground crop residues. The two remaining h j -values for C input from sewage sludge and belowground crop residues were then estimated by simultaneously solving the system of nine equations per site (one for each treatment) by minimising root mean squared errors.
Calculation of C inputs
Crop-derived C inputs were estimated from grain yield dry mass, assuming a C concentration of 45%. Net primary production (NPP) was calculated from crop yield in each treatment as described by Bolinder et al. (2007) and then allocation coefficients were used (Table 2 ) for calculating C inputs from above-and below-ground crop residues. Based on Kätterer et al. (2011) , it was assumed that 71% of below-ground inputs were deposited in the topsoil.
Statistical treatments
Replicate samples (n = 4 for each treatment) have been treated individually if they have been available. SAS software (SAS Institute, Inc., Cary, NC, software release 9.4) was used for analysis of variance, which was conducted to analyse treatment effects on yield and soil C per depth layer. Post-hoc (LSD) tests were applied to assess differences between treatments.
Results
Yields
Yields were higher than normal in the region during the study period, with winter wheat yield exceeding 12 Mg ha -1 at both sites in 2014 and 2015, while in 2013 Igelösa had barley yield of 8.85 Mg ha -1 (with the highest values in treatment C2). The normalised yield values showed that mineral fertiliser had a much greater impact on yield than SS (Table 1) . Even the half dose of mineral N gave a greater increase in yield than the highest dose of SS. The yield response to both mineral fertiliser and SS application was generally higher at Petersborg than at Igelösa. Time elapsed since SS application had no effect on yield.
On examining the change in yield over time, a weak positive effect (p = 0.056) due to SS application was seen at Petersborg when comparing the high SS application with no fertilisation (Fig. 1a) , while addition of mineral fertilisation decreased this effect (Fig. 1b) . No such effect was observed in Igelösa. As can be seen from Fig. 1a , b, the effect also varied among crops. For example, yield of sugar beet did not change over time, whereas relative yield of winter wheat and particularly of barley increased with time due to SS application (Fig. 2) . However, these effects were minor compared with the effects of mineral fertiliser application, where the response value, calculated as the ratio in yields between the A2 and A0 treatments was 2.26 at Petersborg and 1.99 at Igelösa.
Nitrogen
The N content in SS varied between 3.1 and 4.8% of DM at Petersborg and between 2.4 and 5.5% of DM at Igelösa. This means that with a dose of 12 Mg DM SS ha -1 , around 0.4 Mg N ha -1 were added, which corresponds to about 0.1 Mg N ha -1 as an annual mean. However, the yield response to this N from SS was much lower than that from mineral fertilisation ( Table 1) . Estimates of the N use efficiency also showed that the value of SS as N fertiliser was very limited or less than 10% (Table 3) .
Phosphorus
Soil P content (P-AL) increased significantly with SS dose at both sites (Fig. 3) . Based on the annual change over time and bulk density, we calculated the change in topsoil P-AL stocks and compared this with the total P content, which can be expected to remain stable in soil according to the P-balance, calculated as the difference between applied P (mineral fertilisers and SS) and P amounts removed with crop harvest (data in Table 4 ). This comparison showed that P recovered in the P-AL extract corresponded to 2.6 and 2.2% of net P deposits at Igelösa and Petersborg, respectively (Fig. 4) . Table S2 ). Gravimetric water content measured in the same samples was significantly higher in the N-fertilised compared with the non N-fertilised treatments (p = 0.029; Table 5 ).
SOC concentrations along the profile
The SS amendments caused a general increase in SOC at both at Petersborg and Igelösa (Fig. 5 and Suppl. Table S3 ). At Petersborg, SOC concentration in the soil profile (depth layers 0-0.225, 0.225-0.25, 0.25-0.275 and 0.275-0.30 m) was significantly higher in the SS-amended treatment than in the corresponding N-fertilised or unfertilised treatments (Fig. 5) . Nitrogen fertilisation also increased SOC compared with the non N-fertilised treatments, but the effect was only significant in soil layers to 0.275 m depth.
Carbon balance
According to the estimated retention coefficient h j for SS, C retention from SS in the topsoil (0-0.20 m) varied between 11 and 20% at the two sites (Table 5 ). Site differences were probably due to SS quality, which differed between sites. The higher clay content at Igelösa could also be a possible explanation for the higher retention at this site. Retention of above-ground crop residues was similar at both sites, i.e. 4.5 and 4.9% at Igelösa and Petersborg, respectively (Table 3) . At Petersborg, where the layers below the topsoil were also studied, the retention coefficient for SS increased to 18% for the 0-0.40 m layer (Table 5 ). The performance of the simple C balance model was generally good, yielding high R 2 values for both sites (Fig. 6) .
After 30 years, SOC stocks in the 0-0.20 m layer at Petersborg were 4.0 or 4.8 Mg ha -1 higher in SSamended than in unamended treatments in the non N-fertilised and N-fertilised treatment, respectively. The corresponding increase at 0-0.40 m depth was 5.9 and 9.1 Mg ha -1 , respectively (Table 6) . Thus, as much as 32 and 47% of the SOC changes due to SS addition occurred in the 0.20-0.40 m soil layer in the non N-fertilised and N-fertilised treatment, respectively. Besides direct C retention from SS, these estimates also include SS-induced increases in C inputs from crop residues (mainly roots), due to enhanced crop production resulting from SS-derived nutrients and improved physical soil structure (Fig. 7) . Nitrogen fertilisation also increased SOC content in the SS-amended and non-amended treatments (Fig. 7) . At Petersborg, the mean SOC increase due (Table 6 ).
Heavy metals in soil and grain
On scrutinising all data, it was found that SS caused accumulation of only three heavy metals [copper (Cu), mercury (Hg) and zinc (Zn)] out of 14 elements analysed in the soils. Copper in the soil with the highest SS level at Igelösa showed an increase from around 12 mg Cu kg -1 soil (HNO 3 -extract) to around 25 mg Cu kg -1 soil during the study period (Fig. 8a ). However, it should be noted that there were two obvious phases, with an initial rapid increase in concentrations and then stabilisation after the early 1990s. A similar effect was observed for Hg at Igelösa, i.e. stabilisation after a doubling during the early phase (Fig. 8b) . Concentrations of other metals, including cadmium (Cd) and lead (Pb), have not changed significantly over time. Cadmium appeared to reach a small peak in 1994 at 0.44 mg kg -1 soil in samples from treatments with the highest SS application rates at Igelösa, but since then the concentration has always been below 0.40 mg Cd kg -1 soil (HNO 3 -extract). At Petersborg, the Cd level has remained quite steady at around 0.30 during the whole study period, without any difference between treatments. As reported by Andersson (2015) , SS application has not affected absorption of heavy metals into the crop.
Discussion
Yield
At the Petersborg site, SS application tended to increase crop yield over time during the study period, but when plant nutrients were not limiting the effect was only significant for spring barley (Figs. 1, 2) . Improved soil structure could have been the main driver for this fertility enhancement after SS application, as indicated by lower bulk density and higher soil C concentrations in SS-treated soil. Improvement in soil physical properties may be more important for production than the nutrient content of SS (Antoniadis et al. 2015) . This effect was not observed at Igelösa, probably because the SOC level was higher at that site (4.3%) than at Petersborg (1.7%) at the beginning of the experiment, due to different land use history.
Nitrogen
Low N use efficiency for SS was observed in the two trials and has been reported earlier (Kirchmann et al. 2017 ). As Table 3 shows, the N in SS only contributed a few percent to plant production. Rigby et al. (2016) reviewed the nitrogen fertiliser value of biosolids, using a large number of publications, and found that the average use efficiency of N in SS declined with the degree of stabilisation and that after mesophilic anaerobic digestion, the mean proportion of mineralisable N was 30%. Rigby et al. (2016) also concluded that almost ''all of the agronomically significant N was released in the year of application'', although some residual effects could be found the second season in temperate regions.
Phosphorus
Our finding that only around 2% of the P in topsoil was extractable with the P-AL method, regardless of the amount of P remaining in soil and the proportion of extractable P in this residual P, is somewhat surprising. However, it is consistent with recent findings in Denmark, where the fertiliser value of SS treated with iron was found to be zero (Müller-Stöver et al. 2018) . The claim by Mackay et al. (2017) that P may be slowly released from SS over a long time thus appears uncertain. Nawara et al. (2017) compared different methods, including P-AL, for soil P analysis in a large number of samples from different agricultural soils in Europe and obtained critical values for P-AL (95% yield) for many crops, such as wheat (6.9 mg P-AL 100 g -1 soil), barley 7.5 mg P-AL 100 g -1 soil), sugar beet (7.7 mg P-AL 100 g -1 soil) and potato (20 mg P-AL 100 g -1 soil). At the normal dose of SS in the trials at Igelösa and Petersborg, these levels were achieved. However, our analysis indicated very low P availability for plants. Pre-treatment of SS is of utmost importance for P availability for plants, and precipitation with FeCl 3 results in strong chemical bonds between iron and phosphate. Vogel et al. (2017) compared different treatments of SS prior to fertilisation and found that treatment with MgCl 2 in thermochemical treatment or under oxidising air only resulted in 6.5% and 26% P uptake, respectively, in maize plants compared with triple superphosphate. Xu et al. (2012) performed sequential extractions with SS samples from China and found that 2.6-15.8% of total P was extractable in NH 4 Cl but that only around 60% could be extracted with HCl. The lower values could be linked to treatment processes involving iron (Fe) and aluminium (Al).
Soil carbon
Elevated concentrations of SOC in topsoil as an effect of SS application have been reported earlier for both our field trial sites by Börjesson et al. (2014) , who concluded that microbial biomass is highly correlated with SOC and thus independent of treatment-specific substrates for decomposers. This proportionality between SOC and microbial biomass may have changed with changes in SS properties over time, as shown in other studies. For example, a change in the quality of SS as indicated by microbiological activity was observed by Gibbs et al. (2006) in the UK on comparing their results with values reported in the 1980s. A decrease in the concentration of heavy metals over time may have increased SS decomposability, leading to higher biomass and lower retention of SS-derived C. According to our C balance calculations, between 11 and 20% of total C applied with SS was retained in the upper 0.20 m of the soil at the two sites (Table 5 ). These retention coefficients were lower than those found for SS applied at two other Swedish sites on clay soils (Kätterer et al. 2011 , probably due to differences in SS quality and soil properties. Our estimated retention coefficients for crop residues, i.e. 4.5-4.9% for above-ground residues (Table 5) , were also lower than those reported by Kätterer et al. (2011 Kätterer et al. ( , 2014 , but in line with findings in other Swedish studies showing an increase in C retention from above-ground crop residues with clay content . In order to compare C retention efficacy in different soils, several other variables such SS quantity and quality have to be considered. Tian et al. (2009) calculated C sequestration using data from a long-term field experiment series in the US where SS had been applied for up to 34 years on 41 fields. According to In a field experiment with a SS-amended clay soil cropped with maize in Brazil (Pitombo et al. 2015) , two different doses (10 and 20 Mg DM ha
with 27.9% C in SS DM, corresponding to 2.79 and 5.58 Mg ha -1 yr -1 ) were applied annually during 7 years, supplying a total amount of 19.5 Mg and 39.1 Mg C ha -1 , respectively. The increase in soil C stocks down to 0.40 m depth was determined to be (72.5-control 58.8) = 13.7 Mg C ha -1 and (83.1-58.8) = 24.3 Mg C ha -1 , respectively. Efficiency was thus 13.7/19.5 = 70% and 24.3/ 39.1 = 62%, respectively.
In the Ultuna long-term trial in Sweden, where SS has been applied continuously since 1956, around 41% of the carbon added with the SS is estimated to have been stabilised in soil (Kätterer et al. 2011 ). Calleja-Cervantes et al. (2017 report results from experiments in Spain that have been running since 1992 and fertilised with thermophilic digested SS at rates up to 80 Mg ha -1 yr -1 . Their results show that SS can induce C sequestration without increasing greenhouse gas emissions.
Metals in soil
Accumulation of heavy metals in the soils of our study sites has been limited. There also seems to be considerable attenuation with time and some elements could have been translocated to deeper soil layers. Cadmium can be transported down through the soil profile, as shown by Bergkvist et al. (2003) . The lower Cd values at Petersborg compared with Igelösa could be explained by the lower clay content, which could increase mobility. A previous study has also shown that the concentration of heavy metals in Swedish SS has declined substantially over the years (Kirchmann et al. 2017) . Copper has been a problem earlier at the Igelösa and Petersborg sites, but Cu concentrations in SS dropped from 2000 down to below 500 mg Cu kg DM -1 after 1999, to a large extent due to changes in drinking water resources and removal of old copper pipes (Andersson 2015) . Smolders and Six (2013) calculated the mass balance for Cd in European soils and found that Cd has decreased in recent years owing to a considerable decrease in Cd concentrations in precipitation. This means that when using normal fertilisation, it would take high Cd concentrations in phosphate (80 mg Cd kg -1 P 2 O 5 ) to maintain the same concentration as previously. This of course also depends on the application rates; the use of P fertilisers in the EU has decreased, from 77 kg P 2 O 5 ha -1 yr -1 in 1980 to 35 kg P 2 O 5 ha -1 yr -1 in 2000, or by about 40% between 1995 and 2010 (Smolders and Six 2013) . 
Metals in plants
Nutrient availability for plants depends on the type of organic substrate, climate and soil properties. Stabilised organic matter, such as aged SS, has a high affinity for binding heavy metals, among other elements (Smith 2009b) . López-Rayo et al. (2016) found that of the elements they studied, only Zn and Cu concentrations were significantly elevated in soil treated with urban waste. In oat grain, Cd was significantly elevated in an SS treatment supplying the legally permissible level according to EU legislation for over 200 years, but even in this extreme case the concentration of Cd in grain did not exceed the relevant EU limit for Cd content. Zinc and Cu are essential elements for both plants and animals, which means that deficiency is harmful, and they may even modulate toxic effects by other elements (Whitfield et al. 2010) . Hamnér and Kirchmann (2015) studied the effects of long-term use of manure and SS on the trace element composition of cereal grain samples from ongoing field experiments in Sweden and found that application of organic residues resulted in higher grain concentrations of Zn at several locations, but not all locations. They concluded that added trace metals present in organic fertilisers are not easily available to crops and that changes in soil properties, such as pH, and root proliferation often are of greater importance for crop uptake. They also concluded that application of SS with a low Cd content to agricultural soil does not pose a high risk of increased Cd concentrations in crops.
Other contaminants
Concerns have been raised concerning organic contaminants in SS (e.g. Smith 2009a). Although much of the SS in Europe is subject to control, it may still contain unwanted compounds (Bloem et al. 2017) . Certification systems such as Revaq in Sweden (Mattsson et al. 2017 ), aimed at systematic control of sources, have helped to ensure that the quality of SS has considerably improved over time (Kirchmann et al. 2017) . Field studies at Petersborg have also shown that soil microorganisms can rapidly degrade organic compounds, as shown by the following two examples:
Ö sterås et al. (2015) analysed soil samples from Igelösa and Petersborg and samples of the SS applied in 2014. Their investigation showed that the concentrations of perfluorooctane sulfonate (PFOS), perfluoroalkyls (PFOAs), brominated flame retardants (PBDEs), galaxolide, tonalide and di-(2-ethylhexyl)phthalate (DEHP) were enriched in soils amended with SS in the previous autumn, compared with in unamended control soils. However, none of these organic compounds was detected in grain of winter wheat grown in the experimental fields in Petersborg in the study year. For most substances, expected levels in crops were so low that they could not be detected within the analytical reporting limits. Thus those authors concluded that the levels of organic contaminants in soil after long-term SS addition do not pose a risk to the soil ecosystem or humans (Ö sterås et al. 2015) .
In a field study at Petersborg in 2015, Magnér et al. (2016) analysed the fate of 24 different organic compounds used as pharmaceuticals. In samples of SS-amended soils, they found traces of four out of 24 pharmaceuticals investigated, at concentrations between 0.4 and 4.9 ng g -1 DM. They concluded that the pharmaceuticals analysed were retained and eventually degraded at the surface of the soil. This result is line with other findings showing that soil microorganisms degrade water-soluble organic compounds relatively quickly (e.g. Neumann et al. 2014) . Moreover, SS is not harmful for microorganisms, since in a previous study we did not find any effect of SS on arbuscular mycorrhiza , which are otherwise believed to be sensitive to high phosphate additions.
Conclusions
• At one of two sites studied, SS application tended to increase crop yield over time but, when plant nutrients were not limiting, the effect was only significant for spring barley.
• Addition of SS and N fertiliser increased SOC directly through C input and indirectly through stimulation of primary production. Treatment effects on SOC were highest in the top 0.20 m soil layer, but almost as high in the 0.20-0.40 m layer at Petersborg, where the subsoil was sampled. SOC changes below the topsoil should thus be considered in soil C balance studies.
• The nutrient value of the SS applied was limited, but it lowered soil bulk density. This improvement in soil physical properties may be more important for production than the nutrient content of SS.
• Normal doses of SS do not increase soil concentrations of heavy metals, except for copper, mercury and zinc, and do not result in elevated concentrations of heavy metals in grain.
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